ABSTRACT
INTRODUCTION
Spermatogonial stem cells (SSCs) are the stem cells of the male germ line in postnatal mammals. These cells continuously self-renew and produce differentiated germ cells, which ultimately form spermatozoa. Therefore, SSCs are the foundation of spermatogenesis and are an important target for male fertility restoration and transgenesis [1] [2] [3] .
A minimalist definition of stem cells is that these cells have the ability to self-renew and to produce differentiated progeny [4] . Thus, the detection of these two functions is required in a stem cell assay. Spermatogonial transplantation is such a biological detection system of SSCs [5, 6] . In this system, donor testis cells derived from a fertile male are injected into the seminiferous tubules of an infertile male. Complete spermatogenesis is regenerated from donor SSCs, and recipient males can regain fertility [5, 6] . The complete regeneration and the long-term maintenance of normal spermatogenesis cannot be achieved without the stem cell activity in the male germ line. Therefore, spermatogonial transplantation provides the unequivocal assay system to detect functional SSCs. At present, no definitive markers for SSCs are available.
Spermatogonial transplantation further allows a straightforward quantification of SSCs. Donor-derived spermatogenesis is reconstituted after transplantation in the form of distinctive segments, or colonies, along the seminiferous tubules in a recipient testis [7] . Because one colony arises from one stem cell [8] , the number of colonies indicates the number of SSCs that have successfully colonized and developed donor-derived spermatogenesis in a recipient testis.
In the testis, SSCs exist in their designated microenvironment (niche) in the seminiferous epithelium [9] . The SSC niche is a cellular compartment on the basal membrane surrounded by Sertoli cells that support and regulate spermatogenesis [9] . Following transplantation, therefore, donor SSCs must migrate from the lumen of the seminiferous tubules through a layer of Sertoli cells to colonize their niches before initiating self-renewal and differentiation. This homing process of SSCs into their niche is opposite to the direction of germ cell migration during spermatogenesis in adults and involves important biological functions of stem cells and their niches, such as cell adhesion, migration, survival, and intercellular communication. However, little is known about the efficiency and mechanism of the SSC homing process. Here, the homing efficiency is defined as the proportion of injected stem cells that actually colonize a recipient testis. Because SSCs can be detected only by spermatogonial transplantation, quantitative analyses of SSCs without determination of their homing efficiency have been limited to a relative comparison and have not been based on absolute numbers. Consequently, even the total number of SSCs in a testis remains elusive. In addition, SSC homing into the niche is a critical process in the regeneration of spermatogenesis after transplantation, and its efficiency is an important parameter to monitor when attempting to restore male fertility by transplantation.
If SSC markers were available, the homing efficiency could be determined in a straightforward manner by injecting a known number of SSCs into a recipient testis and comparing this number to the number of SSCs that successfully colonize the testes. However, such an approach is currently impossible because the lack of SSC identification markers does not allow measurement of stem cell numbers prior to transplantation. Alternatively, the homing efficiency can be determined by sequential transplantation (Fig. 1) . In this strategy, the difference in colony numbers after the first and second transplantation is used to measure the homing efficiency (Fig. 1) . This strategy was originally developed to study the self-renewal potential of hematopoietic NAGANO FIG. 1. Sequential transplantation strategy. Donor testis cells of adult ROSA26 transgenic mice were transplanted into recipient testes in two groups of mice. In the control group, donor cells were transplanted once on Day 0 and analyzed 2 mo later to count the number of colonies of spermatogenesis arising from donor SSCs. In the experimental group, donor cells were transplanted into the primary recipient testes on Day 0, and at various intervals after primary transplantation these cells were retransplanted into the secondary recipient testes, which were analyzed 2 mo later. The recolonization rate was determined as a ratio of colony numbers in the experimental vs. control groups, and the lowest rate was considered the homing efficiency. progenitors [10] and was later used to determine their homing efficiency [11] .
To establish a necessary model to pursue studies of the biology of SSCs and their niches, I used sequential transplantation to analyze the SSC homing process and to determine its efficiency. Based on the SSC homing efficiency obtained, I also determined the total number of SSCs in a testis. I further analyzed the SSC proliferation kinetics after transplantation and evaluated the number of SSCs required to support a unit of regenerating spermatogenesis (colony).
MATERIALS AND METHODS

Mice
All animal protocols used in this study were approved by the Institutional Animal Care and Use Committee of McGill University. ROSA26 transgenic mice (B6;129S-Gtrosa26Sor; Jackson Laboratory, Bar Harbor, ME) served as primary donors throughout this study. This strain of mice expresses ␤-galactosidase in all types of male germ cells [7, 12] . Donor cells were obtained from experimental cryptorchid and intact testes of adult mice. Experimental crytorchidism was induced at 8 wk of age by suturing the testes to the abdominal wall, and the testes were used 10 wk after the surgery. Intact testis cells were prepared from 10-wk-old mice. Hybrid mice of the 129 ϫ C57BL/6 F 1 strain were used as recipients. Recipient mice were prepared by an i.p. injection of 50 mg/kg busulfan at 4 wk of age to destroy endogenous spermatogenesis [7] and were used for transplantation 39.2 Ϯ 0.4 days after the treatment (mean Ϯ SEM, n ϭ 292 testes).
Donor Cell Preparation
A single cell suspension of donor testis cells was prepared using a two-step enzymatic digestion of the testis [13] . The number of cells recovered was measured using a hemacytometer, and cell viability was determined by trypan blue exclusion. The cells were then passed through a cell strainer mesh (70-m pore size), and cells were counted again to obtain the mesh recovery rate (a ratio of cell numbers before and after cell straining). The final recovery of donor cells was 1.4 Ϯ 0.07 ϫ 10 6 cells (n ϭ 5 preparations) and 27.7 Ϯ 1.8 ϫ 10 6 cells (n ϭ 7) from one cryptorchid and one intact testis, respectively. These donor testis cells were resuspended in Dulbecco modified Eagle medium with 10% fetal bovine serum. To visualize donor cell suspension during the transplantation procedure, trypan blue was added at 0.04% final concentration. In addition, 0.1 mg/ml DNase I was added to reduce cell aggregation during transplantation.
Sequential Transplantation
Donor cells were injected into the lumen of seminiferous tubules of recipient testes through the rete testis [13] . Primary donor cells from cryptorchid testes were prepared at 2 and 40 ϫ 10 6 cells/ml for control and experimental groups, respectively, and those from intact testes were prepared at 100 or 120 ϫ 10 6 cells/ml for both groups.
At 1, 3, 7, and 14 days and 1 and 2 mo after primary transplantation ( Fig. 1) , the recipient mice in the experimental group were killed, and secondary donor cells were prepared from all primary recipient testes pooled at each time point (Table 1 ). The concentration of secondary donor cell preparation was 114.3 Ϯ 2.0 ϫ 10 6 cells/ml (n ϭ 26 preparations). The mesh recovery rate and cell viability were 88.4% Ϯ 0.84% and 97.0% Ϯ 0.2%, respectively (n ϭ 26).
An important procedure in sequential transplantation is to inject a precise volume of donor cell suspension into each recipient testis, because the volume and concentration of donor cells are the basis for calculating the number of donor stem cells injected into a testis (Table 1) . To this end, 5-8 l of cell suspension was carefully transferred into an injection needle using a micropipetter and injected into one recipient testis. In some cases, the aliquot was injected only partially because of leakage into the interstitial tissue, flow-back to the epididymis, or blockage of an injection needle by cell clumps. In such cases, the testes were omitted from the FIG. 2. Kinetics of SSC homing into the stem cell niche during the first 14 days after primary transplantation using donor cryptorchid testis cells. The recolonization rate decreased gradually from Days 1 to 7 and increased by Day 14: 24.1% Ϯ 4.4% (n ϭ 12 testes) on Day 1, 15.3% Ϯ 3.8% (n ϭ 14) on Day 3, 11.2% Ϯ 1.9% (n ϭ 25) on Day 7, and 35.9% Ϯ 3.4% (n ϭ 10) on Day 14. Significant differences are indicated (a, P ϭ 0.019; b, P ϭ 0.001; c, P Ͻ 0.001). Based on these results, the SSC homing efficiency was determined to be 11.2%, observed on Day 7.
experiments and were not used for secondary transplantation or for analyses.
Analysis
Colonies of donor-derived spermatogenesis were visualized by staining recipient testes with 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (X-gal) 2 mo after the final transplantation ( Fig. 1) [7, 13] . Following X-gal staining, the number of blue colonies of donor-derived spermatogenesis was counted to determine the number of functional donor SSCs [7, 8] . All data are expressed as mean Ϯ SEM. Statistical analyses were performed using an ANOVA followed by a Tukey multiple comparison or Student t-test. Table 1 shows an example of the calculation made for the recolonization rate on Day 1, representing one experiment using cryptorchid donor testis cells. In the control group, donor cells at 2 ϫ 10 6 cells/ml were injected on Day 0 into three recipient testes, for a total volume of 21 l equivalent to 0.42 ϫ 10 5 cells. Twenty-two colonies were found in these three testes 2 mo later, indicating that the primary donor cell preparation contained 52.4 colonies/10 5 cells (22/0.42). In the experimental group, the same donor preparation but at a concentration of 40 ϫ 10 6 cells/ml was injected on Day 0 into four recipient testes, for a total of 28 l (11.2 ϫ 10 5 cells). Based on the results of the control group, I estimated that 586.9 (52.4 ϫ 11.2) colony-forming cells (SSCs) were transplanted into these four testes, which were used as the source of secondary donor cells. In the secondary transplantation, donor cells were prepared 1 day after primary transplantation in a total of 59 l, with 96% cell viability and 90.2% mesh recovery rate. The secondary donor cell preparation therefore contained 8.6 SSCs/l (586.9 ϫ 0.96 ϫ 0.902/59). Using this value and the volume of donor cells injected into each secondary recipient testis, the number of colonies injected was calculated. The recolonization rate was calculated using the number of colonies actually obtained as the numerator and the number of SSCs estimated to have been injected in each secondary recipient testis as the denominator. Thus, recipient testis 1 was transplanted with 60.2 colonies (8.6 ϫ 7), which resulted in 21 colonies, for a recolonization rate of 34.9% (21/60.2) The same calcualtion procedure was used throughout this study.
RESULTS
Determination of SSC Homing Efficiency
To determine the homing efficiency of SSCs, I used a sequential transplantation strategy ( Fig. 1 and Table 1 ). On Day 0, donor cells obtained from the testes of ROSA26 transgenic mice were injected into the seminiferous tubules of busulfan-treated wild-type mice in control and experimental groups. In the control group, the recipient testes were stained with X-gal 2 mo later, at which time donorderived spermatogenesis was observed as distinctive blue segments (colonies) of tubules [7] . The number of colonies was counted to obtain the number of donor SSCs that had successfully colonized recipient testes.
Based on the results of the control group, the number of donor SSCs transplanted into the testes of the primary recipients in the experimental group was calculated (Table  1A) . At 1, 3, 7, and 14 days after transplantation, primary recipients were killed, and secondary donor cells were prepared from their testes. These cells were transplanted into the secondary recipient testes. Two months later, the testes of secondary recipients were stained with X-gal, and the number of colonies was counted. The recolonization rate was calculated as the number of colonies observed in a secondary recipient testis divided by the number of SSCs estimated to have been injected into the same testis (Table  1B) . The recolonization rate was obtained for each individual secondary recipient testis. The homing efficiency was determined as the lowest value of the recolonization rate.
In the first series of experiments, I used cryptorchid testes as the source of primary donor cells. SSCs are enriched 20-to 25-fold in cryptorchid testes [14, 15] , and these testes are expected to provide a sufficient number of SSCs for sequential transplantation procedures. The recolonization rate was 24.1% Ϯ 4.4% (n ϭ 12) on Day 1 after primary transplantation (Fig. 2) , indicating that one of four SSCs successfully colonized the secondary recipient testis at this time. The recolonization rate declined to 15.3% Ϯ 3.8% (n ϭ 14) on Day 3 and 11.2% Ϯ 1.9% (n ϭ 25) on Day 7. By Day 14, however, the rate had significantly increased to 35.9% Ϯ 3.4% (n ϭ 10). These results indicate that the recolonization rate was the lowest on Day 7 and the SSC homing efficiency was estimated to be 11.2% using donor cryptorchid testis cells.
Because no previous information on SSC homing efficiency was available, I used donor cryptorchid testes to provide detectable levels of SSCs in the first series of experiments. However, biological characteristics of SSCs derived from cryptorchid testes could be different from those obtained from intact testes because of exposure to the body core temperature. In addition, I injected a higher concentration of donor cells into primary recipient testes in the experimental group than in the control group (40 vs. 2 ϫ 10 6 cells/ml). The higher donor cell concentration could have affected stem cell homing kinetics. In the second series of experiments, therefore, I used donor adult intact testes and transplanted the donor cells at the same concentration into the control and primary recipient testes.
The results using donor intact testis cells indicated that the recolonization rate on Day 7 after primary transplantation was 12.8% Ϯ 5.7% (n ϭ 45, Fig. 3 ). The rate on Day 7 was not significantly different between donor cryptorchid and intact testis cells (P ϭ 0.85). Therefore, the SSC homing efficiency was 12% (11.2 ϩ 12.8/2) regardless of the source of donor SSCs (cryptorchid or intact testis).
Using this SSC homing efficiency, the absolute number of SSCs in a testis can be calculated. When 0.274 ϫ 10 6 donor cells derived from cryptorchid testes were transplanted in the control group (Table 2) , a total of 81 colonies were found; thus, ϳ300 SSCs colonized following injection of 10 6 donor cells (81/0.274). I obtained 1.4 ϫ 10 6 cells per donor cryptorchid testis in these experiments. Therefore, the homing efficiency of 12% gives ϳ3500 SSCs per cryptorchid testis (300 ϫ 1.4/0.12). In the same manner, using donor intact testis cells, I obtained 234 colonies from NAGANO
experiments) at 2 mo after primary transplantation. For comparison, the rate on Day 7 using donor cryptorchid testis cells is shown (11.2%). The recolonization rate on Day 7 was not significantly different between donor cryptorchid and intact testis cells (P ϭ 0.85). A significant difference was detected between Day 7 and 1 mo and between Day 7 and 2 mo (a, P ϭ 0.001; b, P Ͻ 0.001). a total of 17.9 ϫ 10 6 cells injected in the control group (Table 2 ) and recovered 27.7 ϫ 10 6 cells per testis. Therefore, ϳ3000 SSCs exist in an intact testis (234/17.9 ϫ 27.7/ 0.12). Based on these data, I estimated that SSCs represent 0.25% (3500/1.4 ϫ 10 6 ) and 0.01% (3000/27.7 ϫ 10 6 ) of the total cells in one cryptorchid and one intact testis, respectively.
Determination of SSC Proliferation Kinetics Following Transplantation
In a previous study using the same strain of donor and recipient mice, a colony of donor-derived spermatogenesis expanded 2.8-fold from 0.73 mm at 1 mo to 2.05 mm at 2 mo after single transplantation [7] . This active colony growth could accompany the proliferation of SSCs within a colony from 1 to 2 mo after transplantation. Thus, I examined this possibility using the sequential transplantation strategy (Fig. 3) .
In this series of experiments, donor cells were obtained from adult intact testes and transplanted at the same concentration into control and primary recipient testes. When the secondary transplantation was performed 1 mo after the primary transplantation, the recolonization rate was 90.2% Ϯ 17.8% (n ϭ 16). This result indicates that SSCs proliferated 7.5-fold between 7 days and 1 mo after transplantation (90.2/12) in the primary recipient testis. When the secondary transplantation was performed 2 mo after the primary transplantation, the recolonization rate was 95.7% Ϯ 26.9% (n ϭ 19). There was no significant difference in recolonization rate between 1 and 2 mo (P ϭ 0.97), indicating that the recolonization rate was 93% (90.2 ϩ 95.7/ 2) at both time points. I thus concluded that following rapid proliferation from Day 7 after transplantation, the proliferation activity of SSCs significantly decreased at ϳ1 mo and the number of SSCs remained nearly constant from 1 to 2 mo, even though the colonies actively expand in size during this period [7] .
Using the SSC homing efficiency (12%), I estimated the number of SSCs present in one colony from 1 to 2 mo after transplantation (Fig. 4) . The recolonization rate of 93% at 1 and 2 mo indicates that when 10 colonies are present in a primary recipient testis, 9.3 colonies are formed in a secondary recipient testis. To produce 9.3 colonies in the secondary recipient testis with 12% SSC homing efficiency, 78 stem cells (9.3/0.12) must be present in the primary recipient testis, which contained 10 colonies. Therefore, these results imply that ϳ8 stem cells (78/10) exist in one colony from 1 to 2 mo after transplantation to support the active growth of the colony.
DISCUSSION
Using sequential transplantation (during which SSCs were detected based on their biological activity), I determined that the homing efficiency of adult mouse SSCs into their niche is 12%. SSCs require ϳ1 wk to colonize their niche and thereafter proliferate 7.5-fold between 1 wk and 1 mo after transplantation. However, SSCs do not significantly proliferate from 1 to 2 mo after transplantation, and only eight SSCs exist in a colony during this period.
In this study, I made two assumptions in interpreting the results. First, I relied on previous results showing that one colony arises from one stem cell [8] . Using the same donor and recipient mouse strains as in this study, the number of FIG. 4. A unit of regenerating spermatogenesis is supported by eight stem cells from 1 to 2 mo after transplantation. The average recolonization rate at 1 and 2 mo (93%, Fig. 3 ) implies that when 10 colonies are present in a primary recipient testis, 9.3 colonies are formed in a secondary recipient testis. Because SSC homing efficiency is 12%, 78 SSCs (9.3/0.12) must be present in the primary recipient testis. Thus, ϳ8 SSCs (78/10) are estimated to exist in one colony of regenerating spermatogenesis in a primary recipient testis from 1 to 2 mo.
colonies was determined to be linearly correlated with the number of donor cells injected, when transplantation results in 0.2-20 colonies per recipient testis [8] . This linear relationship indicates that one colony arises from one stem cell. Because the average number of colonies per recipient testis observed in this study (0.3-8.4 colonies/testis; Table  2 ) is well within the range of this linear correlation, I estimated that one colony arises from one stem cell and the colony number reflects the number of SSCs that have successfully colonized recipient testes. Second, I assumed that the same number of colonies was formed in the control and the primary recipient testes when the same number of donor cells was transplanted. This assumption was necessary for two reasons: 1) without definitive identification markers, SSCs during the homing process can be detected only retrospectively by transplantation; and 2) the type of marker gene (␤-galactosidase) expressed in the donor cells did not allow direct measurement of colony numbers in the primary recipient testes. To obtain reliable data under these limitations, I used a large number of control (20 or 28) and primary recipient (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) testes in this study (Table 2) .
Following transplantation, SSCs are thought to settle into a niche through three processes: 1) attachment to recipient Sertoli cells, 2) migration to the stem cell niche on the basal membrane, and 3) survival. I analyzed this homing process by carrying out a secondary transplantation experiment at different intervals during the first 14 days after the primary transplantation. The results showed that the recolonization rate gradually decreased from Day 1 to Day 7 but then increased by Day 14 (Fig. 2) . Thus, ϳ7 days are required for the stem cells to migrate and settle into the niche. During this period, ϳ75% of donor SSCs are lost within 1 day, and only 12% successfully attach to Sertoli cells, migrate to the niche, and survive (Fig. 2) . Thereafter, SSCs initiate selfrenewal, and the net proliferation of SSCs reaches a detectable level (by spermatogonial transplantation) on Day 14.
There are three possible reasons for the gradual loss of SSCs during the homing process. First, SSC adhesion to recipient Sertoli cells may be inefficient. Most donor cells are still floating in the lumen of recipient seminiferous tubules 1 day after transplantation, and these cells move when pressure is applied to the tubules [7] . Thus, SSCs may not have firmly attached to Sertoli cells (or conversely Sertoli cells may not have captured SSCs) at this early stage after transplantation. Second, SSCs may have low survival rates during migration from the lumen to the niche. Third, even if they survive migration, some SSCs may reach an inappropriate environment, where they die or differentiate without self-renewal. Although the mechanism of this significant loss of SSCs is unclear, the results of this study emphasize the importance of improving the SSC homing efficiency to facilitate the recovery of spermatogenesis and the restoration of male fertility following transplantation.
The 12% homing efficiency of SSCs is probably the most conservative estimate. Although all measurements were taken to ensure the precise number of donor cells injected into the secondary recipient testes, I cannot rule out the possibility that some SSCs were lost physically or by cell death during the preparation and transplantation of the secondary donor cells. In addition, although I used recipient testes in a relatively narrow range of time after busulfan treatment throughout this study (39.2 Ϯ 0.4 days), the homing efficiency could vary if recipient testes were transplanted at different times after the treatment or were prepared in a different manner (e.g., different mouse strains, different ages, different busulfan doses, irradiation instead of busulfan). Another factor that could affect the homing efficiency is competition with wild-type SSCs remaining in the secondary donor cell preparation [16] . Although busulfan treatment is an effective method for preparing recipients, some original stem cells may survive [6] . Thus, donor SSCs might have to compete with these wild-type SSCs for available niches during secondary transplantation. Considering these factors, I consider 12% a conservative estimate of SSC homing efficiency.
Results of a recent study using serial transplantation indicated that the homing efficiency of SSCs was ϳ4.25% [17] . To obtain this value, donor testis cells expressing green fluorescent protein were first transplanted into the testis of genetically infertile (Sl/Sl d ) mice followed by a secondary transplantation into the testis of busulfan-treated wild-type mice. The number of stem cells was estimated based on the number of isolated type A spermatogonia in Sl/Sl d mouse testes prior to the secondary transplantation. Therefore, the 4.25% homing efficiency was obtained on the basis of morphological determination of stem cells (isolated type A spermatogonia). In contrast, the present study was based on the function of SSCs. Thus, the difference in the detection method of SSCs in the primary recipient testes may have caused the difference in the homing efficiency obtained in these two studies. Alternatively, the SSC homing efficiency may differ among mouse strains; different strains of donor and recipient mice were used in the two studies (B6 ϫ 129 mice in this study and B6 mice in the 706 NAGANO other [17] ). Since spermatogonial transplantation allows detection of only those stem cells that actively regenerate spermatogenesis, SSCs that undergo mitotic arrest upon transplantation cannot be detected. Thus, the homing efficiency determined in the two studies should be attributed to functional SSCs.
The frequency of SSCs in an intact mouse testis (0.01%) is remarkably similar to that of mouse hematopoietic stem cells (HSCs) in the bone marrow (ϳ0.007%) [18, 19] . In addition, the homing efficiency of HSCs into their niches is estimated to be 5%-10% [18, 19] , which is close to the homing efficiency of SSCs. Thus, frequeny and homing efficiency appear to be well conserved in the two stem cell systems.
Using sequential transplantation, I further analyzed the proliferation kinetics of SSCs after they colonized their niches. The results showed that the number of SSCs increased 7.5-fold from 7 days to 1 mo after transplantation and then stayed nearly constant until 2 mo (Fig. 3) . However, the active proliferation of SSCs until 1 mo may not occur in a linear or simple exponential fashion. When SSCs initiate proliferation in the niches, they may actively selfrenew with a low probability in undergoing differentiation. This is apparently the case during the regeneration of spermatogenesis after irradiation [20] . The probability of stem cell self-renewal was estimated to be nearly 100% during the first division after irradiation and to decrease thereafter. Because spermatogenic regeneration proceeds in a similar manner after irradiation and transplantation [7, 21] , SSCs may expand with a high self-renewal probability during the early stages after settling into the niche following transplantation, but an increasing number of SSCs may undergo differentiation in ensuing periods. Then, the rate of SSC proliferation/differentiation becomes balanced by 1 mo after transplantation, and the number of SSCs remains nearly constant up to 2 mo. Further studies are required to analyze the SSC proliferation kinetics by 1 mo, and sequential transplantation may provide a useful strategy for such studies.
Based on the homing efficiency obtained, I further determined that only eight stem cells exist in one colony of donor-derived spermatogenesis at 1 and 2 mo after transplantation (Fig. 4) . The small number of SSCs in a colony was surprising because a colony expands 2.8-fold from 1 to 2 mo after transplantation and the total number of germ cells in a colony dramatically increases during this period [7, 22, 23] . Although colonies at 1 mo contain only a monolayer of spermatogonia without meiotic germ cells, those at 2 mo have multiple layers of differentiated germ cells, including spermatozoa [7, 22, 23] . The total number of cells per colony at 2 mo can be roughly calculated. From one intact testis, ϳ30 ϫ 10 6 cells are obtained. Because the size of a 2-mo colony is 2 mm [7] and the total tubule length is 1-2 m/testis [21, 24] , one colony is estimated to contain 30 000-60 000 cells at 2 mo (30 ϫ 10 6 cells/1 or 2 m ϫ 2 mm). Thus, one stem cell supports 3800-7500 cells (30 000-60 000 cells/8 SSCs). Because one SSC produces 4096 spermatozoa in theory [25] , eight SSCs may actually be sufficient to support spermatogenesis in a 2-mm colony.
There was not a significant increase in SSC numbers from 1 to 2 mo, possibly because the proliferation of SSCs during this period was too slow to be detected from spermatogonial transplantation analysis. Ogawa et al [17] showed that the number of functional SSCs doubles in 80 days during spermatogenic regeneration. Thus, the slow proliferation of SSCs probably did not allow the detection of an increase in their numbers from 1 to 2 mo in the present study. However, Ogawa et al [17] also showed that although a colony expands linearly over 1 yr after transplantation, the density of SSCs in a colony remains constant. If the homing efficiency determined in the present study is applied to their results, ϳ10 SSCs exist per 2 mm regardless of the length of a colony, which is close to the SSC density obtained in this study. These observations indicate that 1) SSCs rapidly proliferate after colonizing their niches, 2) the proliferation activity of SSCs significantly decreases by 1 mo, and 3) thereafter, SSCs continue to proliferate slowly while the colony expands; however, 4) the average density of SSCs in a colony is maintained at a constant level during regeneration of spermatogenesis from 2 mo posttransplantation.
These results suggest that the proliferation of SSCs and the production of differentiated germ cells are controlled to provide a proper balance of SSC numbers in a colony. In addition, the initiation of meiotic differentiation also appears to coincide with the time when proliferation and differentiation of SSCs become balanced at ϳ1 mo. Although most colonies at 1 mo after transplantation are composed of a monolayer of spermatogonia, ϳ2% of colonies at this time contain a portion of multilayered meiotic germ cells in the center of each colony [7, 22] . These results suggest that SSC fate decision (self-renewal vs. differentiation) is strictly regulated in coordination with the progress of an entire unit of regenerating spermatogenesis. An important focus for future studies would be to elucidate the mechanism of such a dynamic and wide-ranging regulation of regenerating spermatogenesis [9, 26] .
The initial reports of the development of spermatogonial transplantation [5, 6] were received as a surprise, in part because adult SSCs successfully migrated from the lumen of seminiferous tubules to the stem cell niches on the basal membrane. However, to my knowledge, no studies have been done on the SSC homing process, despite its importance to the biology of SSCs and their niches and to applications for this powerful but elusive stem cell population. This study represents the first attempt to characterize the homing process and provides a groundwork for a better understanding of SSC homing and proliferation kinetics during the early stages after transplantation.
